Although the cabin design is widely used for providing fire safety in big and tall public transport terminals in the Far East, there are many debates on its performance. Very few experimental studies with big fires in a cabin were reported in the literature. In many applications, smoke exhaust was at low level in the cabin. The performance of such systems has to be justified. Full-scale burning tests were carried out to study smoke exhaust at low levels in a cabin fire. A cabin of length 3 m, width 4 m and height 3 m was constructed. Smoke temperature, average smoke layer height in the cabin, and velocity in the fan duct were measured with different heat release rates and heights of the ventilation opening. Eight sets of tests were carried out with results reported in this paper. For smoke exhaust at low level, the interface of smoke layer was low, usually lower than the height of the ventilation opening. The fire plume was then at the continuous flame zone. The interface of the smoke layer would be tilted. The smoke layer near the mechanical exhaust ventilation was lower than that at the opposite wall. The calculated smoke production rate would then be lower than the mechanical exhaust rate, as air would be extracted directly from the lower layer. In designing mechanical exhaust system in a cabin, the plume coefficient should be tuned up by a factor. In this paper, the mechanical exhaust rate used in cabin design at low levels would be estimated by changing the coefficient concerned. Plume correlation expression due to McCaffrey was taken as an example. Semi-empirical correlation of the flow rates of the fan in controlling smoke not to spill out was derived based on the experimental data.
INTRODUCTION
Cabin design [1] [2] [3] is commonly found in big and tall transport terminals in the Far East. It is used widely for fire safety protection in retail areas, considered to be a good design 4, 5 by allowing more space allocation. The whole hall is not covered by sprinklers; only the areas with higher fire risk are protected.
A cabin fire should be controlled effectively by preventing flashover and without spreading smoke out into the large outside hall. To achieve that, there are fire detection and alarm systems, sprinkler systems, and mechanical smoke exhaust systems. Because of limitations imposed, such as retail arrangement or architectural constraints, smoke exhausts are commonly found at low levels. Very few full-scale experiments were carried out on cabin fires. Those were only focused on flashover in a cabin 6, 7 , fire growth model with a small fire in a cabin [8] [9] [10] , spill plume model 10 and smoke filling in an atrium due to a cabin fire 10, 11 . No systematic experimental studies on smoke mechanical exhaust at low levels in the cabin are reported. A centrifugal water-cooling high temperature exhaust fan with adjustable flow rates was installed. The height of mechanical exhaust ventilation center was 0.4 m, the diameter was 0.4 m, connected with the fan through the ducts. The flow velocity was measured with the anemoscope inserted into the duct when the temperature in the duct returned to ambient temperature 12 . The velocity sensor used had an error of about 3%. The measurement points on the duct section 12 were illustrated in Fig. 2 . The distances from measurement points to the center were 0.1 m and 0.17m. Four points were selected symmetrically in one diameter. The average flow velocity V of four measurement points (V i , i = 1,…,4) was the flow velocity in duct. From Fig. 2 , the average velocity was: Smoke temperature inside the cabin was measured by K-type shielded thermocouples inserted in the holes drilled on the northern cabin wall as shown in Fig. 3 . Ten holes (labeled as TC1 to TC10 in Fig.  3 ) were spaced uniformly along a vertical line in two parts. The distances from the measurement points to the inside wall were 0.5 m. The diameter of the thermocouples was 1 mm, and the measurement error was about 3%. Heat release rates (HRR) of pool fire with diesel oil were measured separately in an oxygen consumption calorimeter 13 in a room calorimeter with measurement error of 5%. Three different sizes of diesel pool fires PF1, PF2 and PF3 were considered: The HRR for steady burning was measured to be 378 kW for PF1, 228 kW for PF2 and 164 kW for PF3.
TESTS
Eight tests labeled as Tests 1 to 8 were carried out. The pool fire ranges with only one tray and the possible HRR are shown in Table 1 . 
OBSERVATIONS
Large quantities of smoke were emitted once the diesel was ignited. The upper part of the cabin was quickly filled with smoke. Upon operating the mechanical smoke exhaust fan, smoke was controlled in the cabin without spilling out. A hot smoke layer was observed, giving a two-layer structure. Though smoke was controlled in the cabin without spilling, the interface of the smoke layer was lower than the height of the ventilation opening. Air was supplied into the cabin through the ventilation opening.
Smoke near the ventilation opening turned back and was prevented by the supplied air. Because of the mechanical exhaust system, the interface of smoke layer was tilted. The smoke layer height near to the mechanical exhaust was lower than the opposite smoke layer height. The flame was tilted towards the mechanical exhaust with a lower flame height. Because the smoke layer heights were very low, the fire plumes were observed in the continuous flame zone for Tests 1 to 8.
Observations in all the tests are summarized in Table 2 . Velocities and fan flow rates in all the tests are summarized in Table 3 . 
SMOKE TEMPERATURE
Average smoke layer temperatures in the cabin for Tests 1 to 8 are shown in Table 4 . In a zone model, the temperature in the hot smoke layer was assumed to be uniform. The average temperature of the whole upper layer was estimated from the thermocouples in the upper layer. A space average was performed for the thermocouples in the upper layer, then a time average was performed during the steady burning process. For Test 7, TC1 to TC10 were in the upper layer, but TC10 was near the interface of the smoke layer, so TC1 to TC9 were selected to calculate the average temperature of the smoke layer, and the average temperature of smoke layer at stable stage was 191 o C.
For Test 8, TC1 to TC10 were in the upper layer, but TC10 was near the interface of the smoke layer, so TC1 to TC9 were selected to calculate the average temperature of the smoke layer, and the average temperature of smoke layer at stable stage was 168 o C.
Average temperature and density of smoke layer in all the tests are summarized in Table 4 . 14 . There were two layers: the upper hot smoke layer and the lower air layer. Smoke was controlled not to be spilling out from the cabin; mechanical exhaust at low levels in a cabin fire was illustrated in Fig. 4 .
Mass conservation gives:
Upper hot smoke layer: [2] [5] and [6] gives:
In this way, the hot smoke interface is tilted but kept at a height. The height of the interface was usually observed to be lower than the height of the ventilation opening.
As the smoke temperature in the cabin is much higher than the ambient air temperature, the mass exchange at the smoke layer interface is weak, and can be ignored. Equations [5] and [6] are now simplified as: The calculated smoke production rate would be much lower than the required mechanical exhaust rate, because there is much air extracting from the lower air layer directly with rate . where T s is the average temperature of hot smoke measured with the thermocouples set in the cabin, v is the measured average flow velocity in the fan duct and A e is the area of the duct section.
It was assumed that only smoke was extracted by the fan. The fire plume is observed to have three zones: the continuous flame zone, the intermittent flame zone and the buoyant plume zone. The plume correlation by McCaffrey 15 was selected to calculate the mass flow rate of plume. 
DATA ANALYSIS
Experimental results of all the tests are summarized in Table 5 . As shown in Table 5 , the calculation results of the McCaffrey plume correlation were much lower than the experimental data. The required flow rate with mechanical exhaust at low levels was high.
For all the tests, the fire plumes were in the continuous flame zone. The coefficient C I was:
Based on equation [19] , to ensure that smoke is not spilling out by smoke exhaust design at low levels of a cabin, the mechanical exhaust rate has to be calculated in the continuous flame zone (I) of McCaffrey plume correlation: 
CONCLUSIONS
The following conclusions can be drawn.
When the smoke was controlled in the cabin without spilling with the mechanical exhaust at low levels, the interface of smoke layer was low, usually lower than the height of the ventilation opening, and the fire plume was usually in the continuous flame zone. The interface of smoke layer was tilted, and the smoke layer height near the exhaust position was lower than the opposite smoke layer height. The flame tilted greatly towards the mechanical exhaust ventilation, and the flame height decreased.
Following a simple analysis, the calculated smoke production rate is lower than the practical required mechanical exhaust rate. This is because of the air extracting directly from the lower air layer.
In designing mechanical exhaust system for this configuration, a coefficient C has to be used to replace ea m & . When the fire plume was in the continuous flame zone, C I was 3.96.
The mechanical exhaust rate used in cabin design with smoke exhaust at low level was calculated by using the continuous flame zone (I) of McCaffrey plume correlation given by equation [20] .
The semi-empirical correlation of the flow rate of the fan controlling the smoke not to be spilling out from the cabin at low level with the heat release rate and smoke layer height was obtained. The flow rate of fan for the continuous flame zone (I) is given by equation [21] .
If the average smoke temperature based on experimental data was used to replace T s , the semiexperiential correlation of the flow rate of the fan at the continuous flame zone (I) could be changed to equation [22] .
